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Abstract 
Heat transfer is one of the mostly used processes in industry. With the growth of food consumption, it is notorious the 
use of drying to increase the lifetime of organic products like fruits, especially through dehydration. In this work, the 
computational performance of a fully explicit and of the Crank-Nicolson implicit finite difference schemes is 
addressed to solve the heat transfer problem of simulating convective drying of cubic particles of papaya. The 
numerical results obtained for the temperature profile in the center of the sample are compared with experimental 
data performed under the following operating conditions: temperature (50, 60 e 70 ºC), air velocity (2 m/s) and 
dimensions (1x1x1, 2x2x2 e 3x3x3 cm). Comparisons between the two numerical methodologies are presented for a 
variety of situations. Our experiments have shown that the numerical results are in good agreement with the 
experimental data. 
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1. Introduction 
Drying of solid materials is realized by a simultaneous heat and mass transfer between a drying 
medium, frequently air, and the solid samples. It is considered complex due to the mathematical difficulty 
of describing the phenomena involved in it. The entire process is governed by transient heat and mass 
transport phenomena.  
The time evolution during the drying of a material is a key parameter for the design of a drying 
process. Once a variational formulation is presented or a weight residual procedure, a partial differential 
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equation is turned into an integral equation, that is changed into a system of ordinary differential 
equations (when the problem is time dependent) or into algebraic equations, when the problem is not time 
dependent [1]. The discrete system is formed having element by element through a superposition 
technique. Before solving it, boundary conditions are introduced. When the problem in analysis is time-
dependence, it leads to a system of ordinary differential equations that may be solved by implicit or 
explicit finite difference schemes [1-5]. 
Time-dependent problems can be solved by another finite-difference scheme known as implicit 
method. In this method, the partial derivatives are replaced in the problem by their finite-difference 
approximations, but unlike explicit methods (where they are solved explicitly in terms of earlier values), 
in the implicit method a system of equations is solved in order to find the solution at the largest value of 
time. In other words, for each new value of time a system of algebraic equations is solved to find all the 
values [6].  
A popular implicit method is the Crank–Nicolson. This is a finite difference method used for 
numerically solving the heat equation and similar partial differential equations. It is a second-order 
method in time, implicit in time, and is numerically stable. The Crank–Nicolson ﬁnite diěerence scheme 
can be chosen to provide an acceptable predictive quality, being numerically stable when compared to 
explicit schemes. Finite diěerences method is easily applied to regularly shaped foods in one-, two- and 
three-dimensional heat transfer. 
The objectives of this study are: To analyze the process of heat transfer during convective drying of 
cubic particles of papaya considering the three-dimensional geometry; Developing a computer program to 
estimate the temperature profile of these samples during the drying process focusing on time and location; 
Comparing two numerical methodologies chosen.  
Nomenclature 
cp  is specific heat at constant pressure (J.kg-1ºC-1);
k  is thermal conductivity    (W.m-1.ºC-1);
U is density    (kg.m-3);
T  is temperature    (ºC) 
t  is time     (min) 
2. Materials and Methods 
The raw material used in this experiment was the papaya fruit. Figure 1 shows the convective dryer 
that was designed to carry out the drying experiments in bench scale.  
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Fig. 1. Convective tray dryer on a bench 
The fruits were purchased from local traders and taken to the laboratory. An hour before each 
experiment, the fruits were peeled and left exposed to the room environment. Then the dryer was turned 
on and operating conditions were adjusted manually to the desired range. While the dryer system came 
into operation the samples were cut obeying the cubic geometry. The air speed was measured using a 
digital anemometer with an accuracy of 0.1 m/s. This instrument was introduced at the dryer outlet and it 
was checked periodically during the process. The measurements of the sample temperatures were taken 
with a digital thermometer, with accuracy of 0.05 ºC, inserted in their interior, close to the center. The 
data reading was made every minute until the end of the process. Two samples per experiment were 
made. The temperature measurements inside the dryer were realized with a mercury thermometer (dry 
bulb temperature). For the initial thickness of the samples, a caliper was used to measure the dimensions. 
Table 1 shows the operating conditions used in the experiments with samples of papaya, taking into 
account the Cartesian geometry.  
Table 1. Operating conditions studied in Cartesian coordinates for the samples of papaya. 
Size
(cm) 
Cubic 
geometry 
Dryer 
Temperature 
(ºC)
Air
velocity 
(m.s-1)
1x1x1 50 2.0 
2x2x2 50 2.0 
3x3x3 50 2.0 
1x1x1 60 2.0 
2x2x2 60 2.0 
3x3x3 60 2.0 
1x1x1 70 2.0 
2x2x2 70 2.0 
3x3x3 70 2.0 
Numerical Solution 
The numerical method is a tool to transform a continuous domain into a discrete one with a finite 
number of nodal points. It may be mentioned that the solution is obtained by solving a system of algebraic 
equations. 
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In numerical analysis, the method of Crank-Nicolson is a finite differences method that can be 
employed to solve numerically partial parabolic differential equations (Equation 1). This is a second order 
method in space, implicit in time and, numerically stable. The implicit method of Crank-Nicolson consists 
in evaluating the partial differential equation using progressive approximations for the time derivative and 
the average of the central differences between values obtained at two consecutive times for the spatial 
derivatives. 
To solve numerically the problem proposed in this work, the thermal conductivity (k) and the specific 
heat at constant pressure (cp) were considered as a function of temperature[6]. The general equation for 
heat conduction, using Cartesian coordinates, is shown below: 
(1)
Where, 
 cp  is specific heat at constant pressure (J.kg
-1ºC-1); 
 k  is thermal conductivity    (W.m-1.ºC-1);
 U is density   (kg.m-3);
 T  is temperature   (ºC)
 WLVWLPH   PLQ

Explicit Finite difference Method:
The following approximation can be applied to the terms in eq (1). 
                       (2) 
Nonetheless, it is known that: 
(3) 
Substituting equation 3 in 2, we have: 
                      (4) 
To represent k(T) in i-1/2 and i+1/2, an average of the values in  i-1, i, i+1 is used. 
                  (5) 
However, 
                          (6) 
And     
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                  (7) 
Substituting equations 4, 5 and 7 in equation 6, we finally obtain the desired temperature in discretized 
form.  
Tt+1=
                                                                                                                                                                     (8) 
Equation 8 was used to predict the temperature evolution with time at the interior of the samples. 
Crank-Nicolson Method:
This method is based on the average between the result in the present and in a time before. 
                             (9) 
Substituting equation 9 in 1, we have in Cranck-Nicolson method the following equation: 
ሺͳͲሻ
It is known, 
We take, 
                     (11) 
758  Rebeca D. Loss et al. / Procedia Food Science 1 (2011) 753 – 761
Substituting equation 11 in 10 and rearranging: 
                                                                                                                 (12) 
In the matricial form, 
                           (13) 
Where,   
A and B are matrices of coefficients of T in respective times. 
P is a matrice with boundary values.  
Equation 13 was used to predict the temperature in the center of the sample by Crank-Nicolson. 
3. Results and Discussion 
Figures 2 and 3 show the results obtained by the two theoretical methods and the experimental 
variation of temperature with time for the central region of a cube of papaya with dimensions of 1x1x1 
cm. The explicit method shows the better results but in the experimental data are some problems in the 
measurement process.  
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Fig. 2. Comparison between Crank-Nicolson method and the experimental data for dimension 1x1x1
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 Fig. 3. Comparison between explicit method and the experimental data for dimension 1x1x1  
A much better result is obtained when comparing the explicit method with the experiment for a sample 
with dimensions of 2 x 2 x 2 (figure 5), while, for the same system, the Crank-Nicolson method still does 
not match well with the experiment (figure 4). 
The better reproduction of experimental data was obtained for the bigger cubes (3x3x3 cm) (figures 6 
and 7). For these bigger samples both methods show a reasonable agreement with the theory but, again, 
the explicit method proves to be superior. This can be proved by higher correlation coefficients attained 
by explicit method as compared to others.  
One possible reason for better theoretical results when the samples are bigger is that the insertion of the 
thermometer bulb in the cube does some damage and this interferes more with the experiment for smaller 
samples, since the bulb has dimensions of the same order as those of the smaller cubes. 
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Fig. 4. Comparison between the Crank-Nicolson method and the experimental data for dimension 2x2x2 
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Fig. 5. Comparison between explicit method and the experimental data for dimension 2x2x2
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Fig. 6. Comparison between Crank-Nicolson method and the experimental data for dimension 3x3x3 
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Fig. 7. Comparison between explicit method and the experimental data for dimension 3x3x3 
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Fig. 8. comparison between the Crank-Nicolson, the explicit method, and experimental data for dimension 3x3x3 and 60ºC 
4. Conclusions  
2
This work shows that the model describes the data behaviour for cubic samples of papaya with 
dimensions bigger than 2x2x2 cm. For smaller sizes the results loose precision due to the interference of 
the measurement process.  
As far as we know, this is the first time that a three dimensional explicit finite differences model gave 
a reasonable description of the evolution of the heat profile of papaya cubes in time. 
The explicit method gave results closer to the experiment than those obtained by the Crank-Nicolson 
method for all samples studied. 
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